Austenitic stainless steel SUS 316L was nitrided by active screen plasma nitriding (ASPN) using screens with various open areas to investigate the effect of the screen's open area ratio on the nitriding response. The sample was placed on the sample stage in a floating potential and isolated from the cathodic screen and anode. The screen, which was SUS 316L expanded metal mesh with 38%, 48%, or 63% open area ratio, was mounted on the cathodic stage around the sample stage. Nitriding was performed in a nitrogen-hydrogen atmosphere with 25% N2 + 75% H2 for 18 ks at 693 K under 600 Pa by the ASPN process. After nitriding, the nitrided microstructure was examined using a scanning electron microscope and an electron probe microanalyzer. The phase structures on the nitrided surface were determined by X-ray diffraction. In addition, the surface hardness and cross section of the nitrided samples were measured by the use of a Vickers microhardness tester. The thickness of the nitrided layer of the S-phase decreased with increasing open area ratio of the screen.
Introduction
Nitriding is a surface hardening process that is widely used to improve the tribological properties and wear resistance of steel and titanium alloys. Compared with conventional nitriding processes such as gas nitriding and salt bath nitriding, the glow-discharge plasma nitriding process offers the following advantages: no pollution, high nitrogen potential, short treatment time, clean environment, and low energy consumption. [1] [2] [3] [4] [5] [6] [7] [8] Furthermore, in the plasma nitriding process, the components to be treated are subjected to a high cathodic potential, which results in the production of plasma directly on their surfaces. As a result, an "edge effect" occurs, even though the components are well heated, as the electric field around the corners and edges of the components is distorted. This results in the nonuniformity of surface properties such as hardness and thickness of the surface layer. 9) Recently, considerable interest has been paid to alternative nitriding processes such as active screen plasma nitriding (ASPN), through-cage plasma nitriding, and cathodic-cage plasma nitriding. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] These processes offer the advantage of completely eliminating the edge effect associated with conventional plasma nitriding processes, as the plasma is produced on the screen and not directly on the samples. [10] [11] [12] [13] These processes can be used to treat polymers that are nonconductive materials. [21] [22] [23] [24] Several researchers have reported the effects of nitriding parameters such as the distance between screen and sample, screen size, gas pressure, gas composition, sample geometry, and bias voltage on ASPN properties. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] However, little information has been reported on the effect of the screen's open area ratio on ASPN properties. In this study, ASPN has been performed on austenitic stainless steel by using three types of screens with various open area ratios to investigate the effect of the screen's open area on the nitriding properties.
Materials and Methods
The sample material analyzed in this study was austenitic stainless steel SUS 316L with a chemical composition (mass%) of 0.013% C, 0.30% Si, 1.67% Mn, 0.034% P, 0.011% S, 16.89% Cr, 12.26% Ni, 2.00% Mo, and the balance being Fe. A sample disk was 20 mm in diameter and 5 mm in thickness. Prior to nitriding, the sample surface was mechanically ground with 150-1 200-grit SiC, finely polished with 0.05 μm alumina suspension, ultrasonically degreased in acetone, and dried in air. The preconditioned sample was then placed in a nitriding furnace for further ASPN treatment.
In this study, ASPN experiments were conducted with a DC plasma-nitriding unit (NDK, Inc., Japan, JIN-1S). A ceramic crucible was placed on the cathodic stage to con-© 2014 ISIJ struct an isolated sample stage. The sample was placed on the sample stage in a floating potential and isolated from the cathodic screen and anode. The screen material used in this study was SUS 316L of expanded metal mesh, formed into a cylinder of 100 mm diameter and 70 mm height. This screen was mounted on the cathodic stage around the sample stage. Three types of screens with open areas of 38%, 48%, and 63% were used, as shown in Fig. 1 . The distance between the screen and sample was 10 mm. The screen was thoroughly degreased ultrasonically in acetone.
Nitriding was performed in a nitrogen-hydrogen atmosphere composed of 25% N2 + 75% H2 for 18 ks at 693 K under 600 Pa. After placing the sample on the sample stage, the chamber was evacuated to a pressure of approximately 6 Pa. Subsequently, nitrogen and hydrogen were introduced into the chamber, together with an applied DC bias voltage. After nitriding, the DC supply was switched off, and the sample was cooled to room temperature. The nitriding temperature was monitored with a radiation thermometer positioned at the sample.
The surface roughness of the untreated and nitrided samples was determined by a stylus profilometer (Mitutoyo, Japan, Surftest-402 and Surftest Analyzer 178 Series). The phase structure on the nitrided surface was determined by θ-2θ X-ray diffraction (XRD; RIGAKU, Japan, RINT-2550V). The entire area of the top surface of nitrided samples was analyzed by XRD. The nitrided microstructure and compositional analysis of nitrogen were examined with a scanning electron microscope (SEM; JEOL, Japan, JSM-6060LV) and an electron probe microanalyzer (EPMA; JEOL, Japan, JXA-8800). For this, cross sections of each sample were first cut using a low-speed saw, then polished, and chemically etched. In addition, the surface hardness and cross sections of the nitrided samples were measured with a Vickers microhardness tester (Matsuzawa, Japan, MXT50) under a 0.1-N load. Five indentations were made on each sample; of the five values, the maximum and minimum were discarded, and the average of the remaining three was taken as the hardness value.
Results and Discussion
The external appearance of the nitrided samples was visually examined, as shown in Fig. 2 . The appearance of all samples seemed the same irrespective of the screen's open area ratio. All the samples treated by the ASPN process were uniform, without the presence of the edge effect. The edge effect was avoided, because the sample's isolation prevented the formation of glow discharge on the sample surface. [10] [11] [12] [13] The surface roughness of nitrided and untreated samples is also shown in Fig. 2 . The roughness of the untreated sample after polishing was determined to be 0.03 μm. The roughness of the nitrided samples was higher than that of the untreated sample; however, the roughness values of the nitrided samples were still considered low. In addition, the surface roughness of the nitrided samples tended to increase with decreasing open area ratio of the screen. It is thought that a compound layer resulting from the decomposition of FexN on the sample surface grew as the open area ratio of the screen decreased. Figure 3 shows the XRD patterns of the untreated sample and samples treated by the ASPN process. The XRD patterns indicate that γ-austenite and the S-phase (expanded austenite), which is considered to be a supersaturated solid solution of nitrogen in the austenitic phase, [39] [40] [41] [42] [43] were identified on the surfaces of the nitrided samples. For ASPNtreated samples, the S-phase formed on each sample had the same intensity irrespective of the open area ratio of the screen.
The microstructures of the cross sections of the samples treated by the ASPN process are shown in Fig. 4 . An Sphase layer of less than 5 μm in thickness, which was slightly corroded by oxalic acid, was observed on the sample surfaces. Figure 5 shows the effect of the screen's open area ratio on the nitrided layer thickness. The thickness of the nitrided S-phase layer decreased as the open area ratio increased; the nitriding temperature of all samples was essentially the same. Figure 6 shows the EPMA line analysis curve of nitrogen. This result clearly shows the enrichment of nitrogen in the surface region. The nitrogen profile obtained suggests a surface region, in which the nitrogen intensity decreased gradually, is the S-phase layer. In each sample the penetration depth of nitrogen into the sample substrate is in good agreement with the thickness of the Sphase layer, as shown in Figs. 4 and 5 ; that is the penetration depth of nitrogen increased with decreasing open area ratio of the screen. These results indicate that the amount of active species available for nitriding increases as the open area ratio of the screen decreases. As a result, the nitrided layer of greatest thickness was obtained at the open area ratio of 38%. Figure 7 shows the cross-sectional hardness distribution of the samples treated by the ASPN process. The hardness decreased considerably toward the core of the substrate in each condition. In addition, the hardening effect on the sample nitrided with the 38% open screen was greater than that from use of other screens. Moreover, the surface hardness of the sample nitrided with the 38% open screen was also greater than that from the use of other screens. Surface hardness was dependent on the screen's open area ratio, because that ratio affected the thickness of the S-phase layer on the surface, as shown in Figs. 4 and 5 . Figure 8 shows a schematic illustration of the mechanism of nitrogen mass transfer in ASPN. At a lower open area ratio, the number of sputtered particles on the active screen increased because of the large area of screen material. Therefore, the deposition of nitrides from the screen we concluded that the amount of material transferred from the screen mesh onto the nitrided specimens played a significant role in the hardening effect. Several researchers have proposed a model of "sputtering and deposition" during ASPN. 11, [44] [45] [46] In this model, nitrogen ions sputter the screen, the sputtered materials form nitrides with nitrogen in the plasma, and nitrides deposit on the sample's surface. It is thought that this model can be adapted to this study.
Conclusions
Austenitic stainless steel SUS 316L was nitrided by ASPN using screens with various open areas to investigate the effect of the screen's open area ratio on nitriding response. All the samples treated by the ASPN process were uniform, without the presence of edge effect. The XRD pattern and cross-sectional morphology of the nitrided samples indicated the formation of the S-phase on the samples' surfaces. The thickness of the nitrided layer of the S-phase increased with decreasing open area ratio of the screen.
